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Abstract
Mountain accident casualties are often exposed to cold and windy weather. This may induce post-traumatic hypothermia which
increases mortality. The aim of this study was to assess the ability of warming systems to compensate for the victim’s estimated
heat loss in a simulatedmountain rescue operation.We used thermal manikins and developed a thermodynamic model of a virtual
patient. Manikins were placed on a mountain rescue stretcher and exposed to wind chill indices of 0 °C and − 20 °C in a climatic
chamber. We calculated the heat balance for two simulated clinical scenarios with both a shivering and non-shivering victim and
measured the heat gain from gel, electrical, and chemical warming systems for 3.5 h. The heat balance in the simulated shivering
patient was positive. In the non-shivering patient, we found a negative heat balance for both simulated weather conditions (−
429.53 kJ at 0 °C and − 1469.78 kJ at − 20 °C). Each warming system delivered about 300 kJ. The efficacy of the gel and
electrical systems was higher within the first hour than later (p < 0.001). We conclude that none of the tested warming systems is
able to compensate for heat loss in a simulated model of a non-shivering patient whose physiological heat production is impaired
during a prolonged mountain evacuation. Additional thermal insulation seems to be required in these settings.
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Introduction
Hypothermia is commonly encountered in mountain rescue
operations. Casualties are usually immobilized due to injury
and exposed to cold, wind, and humidity (McLennan and
Ungersma 1983; Guly 1996; Smith 2006). Exhaustion and
energy depletion are frequent, even among uninjured moun-
taineers, and may cause hypothermia (Hearns 2003).
Metabolic heat production is often reduced, while shivering
may be attenuated due to severe injury or drug administration,
or if one’s core temperature drops below 32 °C (Peng and
Bongard 1999; Langhelle et al. 2012). In trauma victims,
any drop in core temperature is an independent risk factor
for mortality (Shafi et al. 2005). Patients with post-traumatic
hypothermia have a higher blood product requirement and a
greater risk of multi-organ failure (Martin et al. 2005; Klauke
et al. 2016). Mountain rescue operations are usually of longer
duration than in urban/suburban environments, even with air
support, and may last for several hours if a helicopter cannot
be activated due to bad weather (Rauch et al. 2018). The
insulation of casualties exposed to a harsh environment by
bystanders or first responders is considered a basic measure
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in order to prevent hypothermia (Paal et al. 2016). Mountain
rescue casualty bags are commonly used by rescue teams.
Their ability to decrease the victim’s heat loss has been con-
firmed in both human and manikin studies (Grant et al. 2002;
Press et al. 2017). However, clinical trials have shown the
substantial role of active external rewarming in order to pre-
vent post-traumatic hypothermia (Lundgren et al. 2011;
Langhelle et al. 2012). Dutta et al. compared the impact of
different combinations of wrap systems with heating pads on
heat balance in humans. However, this study involved normo-
thermic healthy volunteers, and cold exposure lasted only 1 h
(Dutta et al. 2019).
Although further heat loss should be avoided during the
transport of a hypothermic patient, to the best of our knowl-
edge, the heat balance of a patient lying on a mountain rescue
stretcher and the effectiveness of heating measures employed
have not yet been investigated. The aim of this study was to
assess whether commonly used rewarming systems are able to
compensate for the estimated heat loss in various weather and
clinical settings during a simulated mountain rescue operation
by the use of a thermal manikin on a stretcher.
Methods
Study design
This was an experimental manikin study. The thermodynamic
model of a virtual patient was developed on the basis of the
measurements of the manikin’s heat loss and physiological
parameters adopted from human studies on accidental hypo-
thermia. We then calculated the heat balance of this model.
Finally, we measured the heat gain from the respective
warming systems.
Assessment of heat loss using the thermal manikin
Manikin 1 was an advanced human body phantom (PT
Teknik, Espergærde, Denmark) whichmeasures total heat loss
from its entire surface, including convection, radiation, evap-
oration, and conduction. Its total mass was about 20 kg. Since
Manikin 1 had no “core” but only a “shell,” all the energy to
warm its surface was emitted into the environment. Thus, no
heat storage existed. The device-specific software allowed one
to read the surface temperature, the energy supplied, the heat
flux for each segment, and the total heat flux. Thus, the total
heat loss through the skin over a specific time period could be
calculated (Psikuta et al. 2016). As respiratory heat loss (RHL)
is not taken into account by the software algorithm, it was
calculated separately. Since in this study the ambient air tem-
perature differed significantly from room temperature, we as-
sumed RHL as ~ 20% ofmetabolic heat production, according
to the data from human studies that have assessed thermal
balance in a cold environment (Lloyd 1975; Ingenito et al.
1986; Cain et al. 1990).
The intensity of heat flux depends on the temperature gra-
dient between the skin (Tskin) and the environment (Tambient).
Manikin 1 could be set to simulate an injured victim with a
lower-than-normal skin temperature by using the control
mode of stable skin temperature. In this setting, energy deliv-
ery is adjusted by the software tomaintain the preset Tskin. The
target mean Tskin was derived from studies with human par-
ticipants exposed to a cold environment (Grissom et al. 2008;
Thomassen et al. 2011; Oliver et al. 2016). Based on this data,
we concluded that we should set the trunk temperature at 25–
26 °C and the mean Tskin at 23–24 °C. In order to mimic Tskin
distribution in hypothermic humans, we set the temperature of
the distal limbs 8 °C lower than that of the torso (Goheen et al.
1997). Specifically, we set the temperatures as follows: head
27 °C; torso 26 °C; thighs and arms 24 °C; calves and fore-
arms 20 °C; and feet and hands 18 °C. The mean Tskin, calcu-
lated according to Layton et al. (Layton et al. 1983), was 23.4
°C in our study protocol.
The heat loss ofManikin 1 was calculated using the device-
specific software (Byteline, ver. 3.4.16).
Determination of metabolic heat production
We analyzed two clinical scenarios, namely, (1) a shivering
patient and (2) a non-shivering patient. These two scenarios
characterize the most frequent clinical situations in a
prehospital setting, i.e., an uninjured slightly hypothermic
shivering patient and an injured hypothermic patient whose
shivering has been attenuated due to drug administration or
due to the severity of the hypothermia itself.
We derived the metabolic heat production value (M) from
experimental studies with human participants, identified
through a PubMed search. Participants were exposed to a cold
environment, where M was measured by oxygen con-
sumption. Meperidine was administered in some of
these subjects in order to attenuate shivering, allowing
one to calculate the mean value of M (W/m2) for shiv-
ering and non-shivering subjects separately. We calcu-
lated an M value for a shivering victim (Mshiv) from 11
studies with a total of 77 participants (Giesbrecht et al.
1994; Hultzer et al. 2005; Grissom et al. 2008; Pretorius
et al. 2008; Lundgren et al. 2009; Thomassen et al.
2011; Sran et al. 2014; Kumar et al. 2015; Henriksson
et al. 2015; Kulkarni et al. 2019; Hurrie et al. 2020).
An M value for a non-shivering patient (Mnon-shiv) (e.g.,
a patient treated with opioids) was calculated from six
studies with a total of 37 subjects (Giesbrecht et al.
2005; Hultzer et al. 2005; Pretorius et al. 2006;
Lundgren et al. 2009; Kulkarni et al. 2019; Hurrie
et al. 2020)—see Supplementary file.
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Determination of the total heat balance
The thermal balance of the human body depends on its heat
production, loss, and storage. Fanger’s equation (Fanger
1970; Gagge and Gonzalez 1996) adapted to a non-moving
subject can be simplified as follows:
M W=m2
  ¼ Eþ Rþ Cþ K þ RHLþ S ð1Þ
where M denotes the metabolic heat production, E the
evaporative heat loss, R the heat loss by radiation, C the con-
vective heat loss, K the heat loss by conduction, RHL the
respiratory heat loss, and S the heat stored in the body (an S
value of > 0 means heat gain; < 0 means heat loss).
The heat storage (W/m2) of the virtual patient was calcu-
lated using Eq. 1 for both physiological scenarios: a high
metabolic rate associated with shivering (Sshiv) and low met-
abolic heat production in a non-shivering victim (Snon-shiv).
We replaced E, R, C, and K with HF, which is the total heat





¼ Mshiv–RHL−HF and Snon−shiv W=m2
 
¼ Mnon−shiv–RHL–HF ð2Þ






¼ 0:8 Mshiv–HF and Snon−shiv W=m2
 
¼ 0:8 Mnon−shiv−HF ð3Þ
The total heat balance (THB) during evacuation (i.e., 3.5
h), expressed in joules (J), was calculated by multiplying heat
storage (W/m2), body surface area (m2), and time (sec) for the
shivering and non-shivering scenarios (THBshiv and THBnon-
shiv):
THBshiv Jð Þ ¼ Sshiv body surface time
and
THBnon−shiv Jð Þ ¼ Snon−shiv  body surface time
ð4Þ
Specifically, a THB value of < 0 means a decrease in body
temperature; conversely an increase in body temperature is
shown by a THB value of > 0. A patient body surface area
of 1.8 m2 was assumed.
Assessment of heat gain from warming systems
While Manikin 1 is designed to assess heat loss, it cannot
assess heat gain as there is no possibility of cooling its surface
from the inside. Therefore, the surface can quickly achieve the
temperature of a warming pad while no heat flow is being
detected. Hence, we designed and built a water manikin
(Manikin 2) to measure the amount of heat gained from
warming pads. This is a torso-like copper container, painted
matt black, filled with 43.3 L of water, with a total mass of
54.77 kg. Manikin 2 was equipped with a precision
thermometer-temperature logger (Termio 2, Termoprodukt,
Bielawa, Poland) with a probe placed in the geometrical cen-
ter, along with a water heater and a stirrer. We assessed its
emissivity according to Brauer et al. (Brauer et al. 2002). The
measured emissivity of Manikin 2 was 0.99 which is close to
the emissivity of the human skin (Sanchez-Marin et al. 2009).
The average heat flux fromManikin 2 was calculated in a pre-
trial test in both weather scenarios and compared with
Manikin 1. We observed a difference ranging from 2 to 9%,
depending on the ambient temperature.
Rescue services use different types of warming systems,
including those which are based on gel (sodium acetate) crys-
tallization, electrical power, or chemical reactions based on
iron/carbon powder oxygenation (Hamilton and Paton 1996;
Lundgren et al. 2011; Podsiadło et al. 2017). We tested three
warming systems based on the three aforementioned methods
of heat production, namely:
1. A gel heat pack (ABC-N System. Poland)—three panels,
each of which is 45 × 23 cm with a total surface area of
0.32 m2 and a total mass of 4.33 kg
2. An electrical blanket (Uniqueresc, Geratherm,
Germany)—dimensions of 47 × 90 cm, with a surface
area of 0.42 m2 and a total mass of 1.7 kg, including an
NL2024ED battery (Inspired Energy, USA)
3. A chemical blanket (Ready Heat, Tech Trade, USA)—
dimensions of 86 × 122 cm, with a surface area of
warming elements of 0.18 m2, a total surface area of
1.05 m2, and a total mass of 0.794 kg
The temperature change of Manikin 2 served to calculate
the total gained or lost heat (Q):
Q kJð Þ ¼ mass specific heat temperature change ð5Þ
We calculated the heat balance ofManikin 2 with the tested
warming systems, as well as without a warming system, ac-
cording to Eq. 5. The difference between the heat balance with
(Qwarm) and without (Qbase) a warming pad was used to cal-
culate heat gain (HG):
HG kJð Þ ¼ Qwarm−Qbase ð6Þ
Study protocol
The study was conducted under controlled and standardized
environmental conditions in a climatic chamber (4 × 1.8 × 2.3
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m) at 270 m above sea level, with a relative humidity of 40%,
and consisted of a sequence of two simulations (A, B) with
different wind chill indices. The protocol aimed to simulate an
exemplary 3.5-h evacuation of a casualty lying on a mountain
rescue stretcher in two different conditions, namely, moderate
(A) and harsh (B) weather.
The ambient temperatures (degree Celsius) and wind
speeds (m/sec) in the two weather conditions were:
– A –Wind chill index 0 °C (temperature 2 °C, wind speed
2 m/s)
– B –Wind chill index − 20 °C (temperature − 10 °C, wind
speed 9 m/s)
We calculated the wind chill index according to that set by
the American National Oceanic and Atmospheric
Administration (https://www.weather.gov/epz/wxcalc_
windchill) and produced wind with two electrical fans
(Minneapolis Blower Door model 4.1, The Energy
Conservatory Inc., USA).
Initially, we measured the insulation properties of clothing
and the stretcher cover (expressed in clo units, 1 clo = 0.155
m2 KW−1) with the Manikin 1 software, in accordance with
EN ISO 15831:2004. For this purpose, we dressed the mani-
kin in clothes suitable for mountaineering (i.e., pants made of
Cordura® with an insulating layer of polyester (fleece), a
long-sleeved shirt of polyester, a Polartec® pullover, a soft-
shell jacket, Polartec® mitts, mountain boots, and a woolen
cap). Then, the manikin was placed on a Lecco mountain
stretcher (Kong, Monte Marenzo, Italy) and wrapped up with
the integrated cover. This single-layer cover is made from a
windproof and waterproof fabric, although it does not have
any additional insulation.
Subsequently, we placed the stretcher with Manikin 1 in a
climatic chamber in order to measure the heat flux in both
weather scenarios (Fig. 1). The stretcher was put on two nar-
row Styrofoam blocks in order to enable the wind to flow
underneath. Each measurement was preceded by a Manikin
1 equilibration period (avg. 60–120 min). After the achieve-
ment of thermal equilibrium, the gradient between Tskin and
Tambient remained constant and the heat flux was recorded.
Active warmers were assessed with Manikin 2, which was
dressed in the same clothes as Manikin 1, and placed on the
stretcher. We set the same initial temperature of Manikin 2 as
the torso temperature of Manikin 1 in the heat loss protocol
(26 °C) in order to provide the same temperature gradient
between the environment and the “skin.” The temperature
was recorded at 1-min intervals. Initially, we measured the
heat loss without any warming system in both weather scenar-
ios (A and B), in order to obtain reference values (Qbase).
Subsequently, we tested the warming systems.
Before any measurements were taken, all the heating sys-
temswere stored in the climatic chamber for 1 h, excluding the
battery of the electrical blanket that was not pre-cooled. Each
warming pad was activated and inserted between the shirt and
the pullover on the manikin’s chest. We set the electrical sys-
tem (2) to its maximum temperature of 41 °C. The chemical
blanket (3) was opened immediately before starting to take
measurements and agitated to allow chemical activation and
heat production. We exposed it briefly to the air every 30 min
in order to deliver oxygen and maintain the chemical process.
Before each measurement was taken, we rewarmed the man-
ikin to 26 °C. All measurements were repeated at least three
times. Each time we placed the stretcher at a different angle to
the wind direction in order to mimic real conditions. If the
differences between the first three results were greater than
10%, an additional measurement was taken, and all results
were included in the analysis.
Statistical analysis
We assessed the normality of data distribution with the
Shapiro-Wilk test. Mean values and a standard deviation were
used to express normally distributed data. We compared the
results of heat gain between the two weather conditions for
each warming system, as well as between the different
warming systems in the same weather conditions. The values
of heat delivered in the 1st, 2nd, and 3rd hour of the experi-
ment were also compared for each warming system separate-
ly. Finally, we compared the heat requirements of the virtual
patient (the amount of gained heat that would be sufficient to
maintain the neutral heat balance) with the amount of heat
actually gained from warming systems. Comparisons were
Fig. 1 Manikin 1 in the stretcher inside the climatic chamber
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made with the use of the Student t test for both paired and
unpaired data. We used the Statistica version 13 (TIBCO
Software Inc.). Statistical significance was defined as p < 0.05.
Results
In three series of measurements with Manikin 2 (two with gel
pads and one with the electrical system), one result in each set
exceeded a difference of 10% in regard to the others, and an
additional measurement was performed. The results of mea-
surements with Manikin 1 did not exceed the difference of
10% in each set.
The thermal resistance of the clothes used in the study was
1.35 clo (0.21 m2K/W); that of the stretcher cover was 0.59
clo (0.09 m2K/W); and that of the clothes plus stretcher cover
was 1.57 clo (0.24 m2K/W).
Heat loss from thermal manikin
The mean heat flux from the skin of Manikin 1 was 62.87 ±
0.12 W/m2 in weather A and 108.73 ± 1.97 W/m2 in weather
B.
Determination of metabolic heat production
The mean value of Mshiv was 139.24 ± 43.97 W/m
2 while that
of Mnon-shiv was 54.91 ± 4.23 W/m
2.
Determination of the total heat balance
The calculated heat storage in the shivering patient model was
above zero, namely, 48.53 ± 0.12W/m2 in weather A and 2.66
± 1.97W/m2 in weather B. In the non-shivering patient model,
the heat storage was − 18.94 ± 0.12 W/m2 (A) and − 64.81 ±
1.97 W/m2 (B), respectively. This means that the non-
shivering patient’s heat loss was 122.72 ± 0.75 kJ/h in weather
A and 419.94 ± 12.79 kJ/h in weather B.
The total heat balance for the 3.5-h period is given in
Table 1.
Assessment of heat gain from warming systems
We did not observe any increase in the temperature of
Manikin 2 with warming systems applied apart from gel pads
in weather A. The highest increase of 0.54 °C occurred 62min
after their application.
The amount of heat gained in 3.5 h was close to 300 kJ and
there were no significant differences between both simulated
weather conditions for a particular warming system. In weath-
er A, the total heat delivery from the gel warmer was higher
than that from the electrical blanket (p = 0.04). There were no
significant differences in heat delivery between other warming
systems in each set of weather conditions. We observed the
highest efficacy of gel pads and the electrical system in the
first hour of measurement when compared with the 2nd and
3rd hour (p < 0.001). Battery exhaustion in the electrical sys-
tem occurred at an average of 80 min in weather A and 70min
in weather B. The heat gain from the chemical blanket was
delayed and started to stabilize within 17 to 25 min after
activation.
The heat balance of a virtual patient and heat gain from the
warming systems are compared in Table 1. In both simulated
weather conditions, the heat gain from the warming systems
was lower than the heat requirements of the non-shivering
victim model, namely, in weather A p = 0.07 for gel, p <
0.001 for Uniqueresc, and p = 0.003 for Ready Heat while
in weather B p < 0.001 for all systems. The heat delivery to
Manikin 2 and the simulated patient’s heat requirements esti-
mated with Manikin 1, calculated for 30-min intervals, are
shown in Figs. 2 and 3.
Discussion
To our knowledge, this is the first study to assess the effec-
tiveness of three warming systems during a mountain rescue
operation simulated over 3 h. None of the three tested
warming systems was able to compensate for the estimated
heat loss in a non-shivering patient in harsh weather condi-
tions. In moderate weather, the tested systems are closer to the
patient’s heat requirements, with gel and electrical warmers
Table 1 Total heat balance of a
virtual patient and the heat gain
from warming systems during
3.5-h lasting simulated
evacuation
Weather conditions Clinical scenario Total heat balance (kJ) Heat gain (kJ)
A Shivering 1100.55 ± 2.62 Gel 356.61 ± 55.18
Non-shivering − 429.53 ± 2.62 Electrical 274.27 ± 31.86
Chemical 301.51 ± 35.16
B Shivering 60.30 ± 44.75 Gel 345.77 ± 45.43
Non-shivering − 1469.78 ± 44.75 Electrical 313.27 ± 34.39
Chemical 318.84 ± 19.66
Weather conditions A: wind chill index of 0 °C; weather conditions B: wind chill index of − 20 °C
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even being able to exceed these needs in the first 90 min.
However, the shivering patient model revealed a positive heat
balance that signified the maintenance of normothermia.
Thermal manikins, when properly calibrated, provide an
accurate estimation of selected parameters of heat exchange
in human beings (Brauer et al. 2002; Psikuta et al. 2016).
Indeed, they can be successfully used in cold or dangerous
conditions instead of human subjects (Henriksson et al. 2012).
In low ambient temperatures, some thermal manikins are not
able to maintain target surface temperature due to an insuffi-
cient power output (Psikuta et al. 2016). This reduces the
reliability of measurements substantially. In our study, the
amount of power delivered to each segment was within the
performance parameters of the manikin, including the face
area where the highest heat flux was observed. Manikins
provide standardized conditions without individual variabili-
ty. However, presetting an appropriate surface temperature is
essential for obtaining reliable results concerning heat
loss (Wigö and Nilsson 2004). Both a too-high and
too-low surface temperature can lead to over- or under-
estimation of heat loss. Moreover, data concerning skin
temperatures in real patients who sustained trauma in a
mountainous environment are lacking. Nonetheless, the
temperatures we set derived from experimental human
studies seem to be adequate. Importantly, Grissom
et al. showed that skin temperature, after its initial drop,
remains stable for at least 40 min (Grissom et al. 2008).
Thus, we may assume that heat loss does not substan-
tially change during the whole period of simulated
evacuation.
Fig. 2 Net heat gain from
warming systems calculated for
30-min intervals; the horizontal
dotted line represents the heat re-
quirement of a non-shivering pa-
tient expressed in kJ/30 min;
weather A (wind chill index 0 °C)
Fig. 3 Net heat gain from
warming systems calculated for
30-min intervals; the horizontal
dotted line represents the heat re-
quirement of a non-shivering pa-
tient expressed in kJ/30 min;
weather B (wind chill index − 20
°C)
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The total amount of heat delivered by the tested devices
was about 300 kJ regardless of the simulated weather condi-
tions. Although this observation confirms the efficacy of all
warming systems being tested, its draws one’s attention to the
duration and course of their warming capacity. The heat de-
livery from the warmers was not distributed homogeneously
over time. The gel and electrical systems had their highest
efficacy in the first hour of the test. The advantage of the
chemical blanket over these two systems could be seen in
long-lasting rescue operations due to its stability in heat pro-
duction, despite a delay in the onset of warming. Similar re-
sults regarding the gel pads, as well as chemical blankets, were
obtained by Dutta et al. (Dutta et al. 2019). The heat delivery/
mass ratio of the chemical blanket is the most favorable when
compared with the other systems tested in this study. The
heating duration of gel and chemical warmers is determined
by their construction, whereas the performance of the electri-
cal blanket depends on its battery life. Thus, the efficacy of the
electrical system could be improved with backup batteries.
The patient’s heat balance that we compared with the efficacy
of the warming systems was calculated for an average adult
with a body surface area of 1.8 m2. In children, due to their
smaller body surface, the heat gain from warming systems
may be closer to meeting their heat requirements.
Although casualties with preserved shivering are also at
risk of post-traumatic hypothermia in cold and windy condi-
tions, it is possible to protect them from cooling with the
warming systems tested in this study. It should be noted that
we did not use any additional thermal insulation. The reason
for such an approach was to create a point of reference for
rescuers who plan and prepare equipment for use in rescue
operations.Moreover, the great diversity of insulating systems
used by mountain rescue teams makes it impossible to test all
of them (Podsiadło et al. 2017).
Practical implications
If the evacuation of a victim lasts for 1 h or less, gel warming
pads seem to be a good choice. When an electrical system is
used, the battery should be protected from cold during the
approach towards the victim (e.g., under a rescuer’s clothing).
If possible, backup batteries should be taken in order to allow
continuous warming for more than 1 h. Moreover, the chem-
ical blanket should be activated about 20 min before reaching
the patient. In addition, mountain rescue teams should be
aware of the technical specifications and performance of
warming pads.
Limitations
Although the mean skin temperature and metabolic rates that
we assumed were based on studies with human participants,
they included healthy volunteers but not trauma victims.
Shivering heat production is likely to diminish over time,
e.g., due to glycogen resource depletion.
Application of a warming pad can lead to the decrease of an
actual patient’s metabolic heat production, a factor that was
not included in our calculations due to its unpredictability.
Although the manikins are standardized with little interin-
dividual variability and the advanced manikin functions are
based on the mathematical model of human thermodynamics,
the measured heat loss should be interpreted with caution and
cannot be simply transferred to humans.
The water manikin has no internal temperature gradient (Tc
= Tskin), while the thermal conductivity of copper is much
higher than that of the skin, especially when vasoconstriction
exists. Thus, the measured heat gain may not reflect precisely
the real heat gain in humans.
Conclusions
From this study, we conclude that a non-shivering (e.g., se-
verely injured) victim of a mountain accident cannot be effec-
tively protected from the onset of hypothermia with a
warming system alone. Additional insulation seems to be re-
quired for long-duration transport if the patient is exposed to a
cold and windy environment. More effective insulation and
rewarming methods should be developed for prolonged ter-
restrial transports of patients with restricted mobility or im-
paired thermoregulation.
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